I. INTRODUCTION
Over-voltage problems in long cable drives, due to steep voltage pulse rise time, have become an important research area during the last decade. The over-voltage phenomenon is usually described using the traveling wave and reflection phenomena: a voltage pulse, initiated at the inverter, being reflected at the motor terminals due to a mismatch between the surge impedance of the motor and the cable. However, the magnitude of the over-voltage depends on the pulse rise time and on the characteristics and length of the cable [1, 2, 3, 4] . The motivation for the work presented in this paper is the lack of good simulation approaches that can be used to accurately investigate the over-voltage phenomena. Therefore, the objective of this paper is to study the motor over-voltage phenomena in a definitive manner by developing accurate and fast simulation models for power cables and motors that allow a better understanding of the over-voltage problem. The models provide a convenient tool that can be utilized to benchmark the best dv/dt filter solution for a particular drive.
For the power cable, it is well known that distributedparameter representation provides more accurate results in the study of high frequency transients than the lumpedparameter models [5] .
However, lumped-parameter representation of the transmission line can be successfully used to analyze the over-voltage phenomena if adequate number of segments is used in the calculation [4] . In regard to the properties of the line, early papers have proposed the use of lossless characteristics [6, 7, 8] , which leads to a considerable amount of inaccuracy. A recently proposed lossy line power cable representation yields more accurate results [4] . The use of a distortionless line representation was proposed in [9] . Preliminary investigations indicate it is still not sufficiently accurate to investigate the over-voltage problem, especially for very long cable drives. The inclusion of distortion has demonstrated to be important for an accurate analysis of the over-voltage. These issues are addressed in Section II, wherein a practical multiple segment lumped parameter model is proposed for modeling the power cable.
In Section III, high frequency representation for the induction motor is developed. Regarding the induction motor model, a simple R-L circuit has been used by most of the papers in the literature [6, 7, 8] . This model is definitely unable to capture all the high frequency content that is present in PWM voltage pulse. Some references have shown the necessity to have a different model for the induction motor other than the just a R-L circuit [4, 9, 10, 11] . Among them, references [4, 10, 11] have successfully presented a high frequency induction motor model to calculate the overvoltage in long cable drives. In this paper, an improved motor model is also developed based on the model from [4, 10, 11] , which gives better results in verifying the overvoltage phenomena in long cable drives.
The suggested high frequency models for power cables and motor are applied for specific case studies in the subsequent sections.
These models are implemented to perform computer simulations using Matlab. The simulation program is very useful for the over-voltage analysis and provides a convenient tool for a more reasonable design of the dv/dt filters.
The most important dv/dt filter networks are investigated and design equations for each topology are presented. Through simulation and analysis, an alternative design is suggested based on the comparison between filter losses and motor terminal peak voltage. Experimental results of the over-voltage and of the application of the RC Filter are presented showing the validity of the simulation models.
II. HIGH FREQUENCY MODEL OF THE POWER CABLE
An adequate estimation of the power cable parameters is needed in order to have an accurate computation of the overvoltage. Previous authors have suggested to estimate the cable parameters by using equations related to the geometrical configuration of the cable. These approximations were found to be vastly different than actual parameter values because they do not include the frequency dependency in the calculation.
Therefore, the cable parameters are estimated through experimental analysis by checking the frequency response of the power cable impedance. Fig. 1 shows a schematic of one of six possible active switch positions in a typical inverter fed motor drive. As can be seen, the connection between inverter and motor will have two phases in parallel and the other phase as returning cable. Therefore, it is suggested to measure the power cable impedance characteristics in this configuration. Two types of tests have been carried out: measurement of short circuit and open circuit impedances. The impedance measurements have been carried out for an unshielded fourwire cable (3 phases + 1 ground). The experiments were conducted using one-meter sample of the following cable gauges: #6, #8, #10, #12, and #14 AWG. The frequency dependent nature of the power cable parameters can be promptly verified from the frequency response plots. Figs. 2, 3, and 4 show the variation of the short circuit, open circuit, and surge impedances as a function of frequency for #6 AWG cable, respectively. Similar plots have been obtained for the other cable gauges. In these plots, the dots represent the frequency response obtained experimentally and the continuous line is the frequency response simulated in Matlab using the proposed high frequency model. Since the overvoltage phenomena must be evaluated over the frequency spectrum of the voltage pulse, it would be incorrect to assign a unique value for the cable parameters, which could be associated to the voltage pulse dominant high frequency [9] . Instead, the cable parameters can be estimated from a high frequency model for which the calculated frequency response matches the response obtained experimentally. Fig. 5 shows the suggested equivalent circuit for the cable that provide a sufficiently accurate frequency response for the short and open circuit measurements, and thus for the cable surge impedance. The parameters of the cable model are calculated from the short circuit impedance Z sc and open circuit impedance Z oc frequency responses using the following equations. 
The frequency response calculated from the high frequency model is in a good agreement with the measured characteristics and the proposed lumped cable model may be used in the simulation analysis of the over-voltage. Table I summarizes the high frequency model parameters calculated for each cable gauge using the aforementioned equations.
III. HIGH FREQUENCY MODEL OF THE AC MACHINE
Another key factor for an accurate over-voltage analysis is the high frequency representation of the ac motor input impedance, which must be also valid over the frequency range of the voltage pulse. It is not necessary to verify how voltage distributes inside the ac machine winding in order to calculate the over-voltage. It is important, rather, to know the value of the ac motor input impedance and how it varies as a function of frequency. The proposed model for the ac motor input impedance is based on the high frequency model suggested in [10, 11] , which has been successfully used in calculating the over-voltage [4] . This section analyzes in detail the high frequency ac motor model with newly introduced modifications. The parameters of the model are derived using the frequency responses of the phase-to-neutral impedance Z pn and phase-to-ground impedance Z pg , as suggested in [10, 11] .
Figs. 6 and 7 show schematics of the experimental setup to measure the frequency responses of the phase-to-neutral and phase-to-ground impedances.
The machines tested in laboratory are dual voltage ac induction motors. Dual voltage machines can commonly be connected in "delta" or "star" configuration, for a lower or a higher voltage, respectively. Usually some of the terminals of these machines are inaccessible, such as the terminals numbered 10, 11 and 12 in Figs. 6 and 7. Therefore, the following procedures are taken:
• Since terminals 10, 11 and 12 are not accessible, the phase-to-neutral and phase-to-ground impedances are measured for the machine connected in delta configuration; • Since the internal neutral (terminals 10-11-12) is not accessible, the phase-to-neutral impedance is measured between terminals 1-2-3 (phase) and terminals 4-5-6 (external neutral). The measured values are thus divided by 2, in order to account for the other parallel set of windings (7-10, 8-11, and 9-12). Fig. 8 shows the proposed per-phase high frequency motor model that is used in the calculation of the over-voltage analysis. The suggested model is a lumped-parameter representation of the motor input impedance for which the calculated frequency response matches the experimental response. The dynamic d-q model is partly responsible for capturing the low frequency transients, while the remaining R-L-C network is responsible to represent the high frequency phenomena. Winding-to-ground capacitance and winding turn-to-turn capacitance play the major role in the high frequency phenomena. Their relation with the leakage inductance forms the dominant poles in the frequency response. The parameter C g represents the winding-toground capacitance. The parameter R g is added in the circuit to represent the dissipative effects that are present in the motor frame resistance. The circuit formed by the parameters R t , L t , and C t is the part of the network responsible to capture the second resonance in the frequency response, which is related to the winding turn-to-turn capacitance.
The parameter R e is responsible to account for the losses introduced by eddy current inside the magnetic core. In order to estimate the parameters of the high frequency part of the model it is suggested to replace the d-q model by a lumpedinductance L d , which represents the leakage inductance of the machine winding. The high frequency model proposed in Fig. 8 has been evaluated for various induction motor ratings. The behavior of the phase-to-neutral, phase-to-ground and motor input impedances as a function of frequency for a typical random wound 3 hp induction motor are shown in Figs. 9, 10, and 11, respectively. From the frequency responses obtained experimentally, the parameters of the high frequency model can be calculated using the following expressions. The calculated frequency response using the proposed high frequency model has shown to be in a good agreement with the experimental results. Therefore, the proposed approach may be used to represent the motor input impedance in the over-voltage simulation analysis. Table II summarizes the parameters of the high frequency model for various hp ratings of induction motor.
IV. SIMULATION AND EXPERIMENTAL ANALYSIS OF THE OVER-VOLTAGE
A flexible program was built in Matlab that allows one to evaluate the over-voltage problem accurately for different cable lengths and for different voltage pulse rise times. In the program one chooses the number of lumped sections as well as the simulation time step. The whole system can be simulated in a two axes (d-q) approach, which reduces the number of differential equations. The numerical integration is realized using Runge-Kutta Method order 4 [4] . Simulation results were obtained for a system with a 3 hp motor and #6 AWG driving cable with different lengths. Experimental results were also obtained to validate the simulation study. Figs. 12 to 14 shows the over-voltage waveforms for different power cable lengths. In each figure, the left side plots are the simulation realized in Matlab using the aforementioned high frequency models and the right side plots are the experimental waveforms. The accuracy of the simulation models in predicting the over-voltage is readily evident from the plots.
Additional simulation and experimental results are shown in Figs. 15 and 16 , where the behavior of the line-to-line voltage in the machine terminals can be examined as a function of the voltage pulse rise times for 20 m and 70 m cable length, respectively. It can be 5 of 8 concluded from these results that the proposed over-voltage simulation approach is a very useful tool to predict with reasonable accuracy the magnitude of the over-voltage in the machine winding. These models are used to evaluate the performance of various filter networks in the following section. 
V. MODELING AND DESIGN OF FILTER NETWORKS
Several filtering techniques have been proposed to mitigate the over-voltage problem in long cable PWM drives [6, 7, 8, 12] . In general, these techniques include matching the cable surge impedance to the motor input impedance and increasing the voltage pulse rise time initiated at the inverter. The most relevant filter networks are found to be: RC and RLC filters at the motor terminals [6, 7, 12] , RLC and LC+Clamping filters at the inverter output [7, 8] . Table III presents a summary of the configuration and design equations of these approaches. These equations are not sufficient to provide a suitable design for the filter topologies if one is looking for lower filter losses and lower peak voltage at the motor terminals. In reality, a closed form expression that gives the voltage peak in the motor terminal as a function of the filter parameters is too complex to be useful for design purposes. An alternative approach for the filter design could be based on simulation analysis rather than a closed form expression. It is suggested here to utilize the over-voltage simulation program developed in Matlab to find more suitable values for the filter topologies parameters. To realize this, simulation charts can be derived for each filter showing peak voltage and losses as function of the key parameters of the filter approaches. When pertinent, the concepts behind the filtering techniques may be used together with the simulation analysis in order to derive the most suitable design. Such design procedure for the RC filter is presented further.
The first step is to verify the matching characteristics between cable surge impedance and motor input impedance, since this is the starting point of the doubling effects. Fig. 17 shows the frequency dependence of these impedances. It can be observed for frequencies above tens of kilohertz that the impedances do not match it all. It is not adequate to analyze the impedance matching for unique value of impedances for a particular frequency. Rather, the analysis must be carried out for a broad range of frequencies, which would include the frequency responses of the cable and the motor impedances. The suggested design practice is to make the filter resistance equal to the cable surge impedance since the motor input impedance is much bigger than the cable surge impedance. But, the key issue is the choice of frequency at which the filter resistance should be made equal to the surge cable impedance.
In the technical literature the impedance matching is usually analyzed at low frequencies around 100 to 200 Hz. This is not a good choice because the overvoltage problem appears for high frequencies above tens of kilohertz. Therefore, it is proposed to match the filter resistance to the value of the surge cable impedance for very high frequencies as shown in (14) for a star connection of the filter, where L s and C p1 are parameters of the high frequency cable model.
Fig . 18 shows the simulation results of the voltage reflection coefficient at motor terminals for three values of filter resistance, while the capacitance was fixed at C filter =0.075µF. It can be observed that the best option is the value established in (14), which gives the closest to a zero magnitude for the voltage reflection coefficient, and thus the lowest peak over-voltage.
In the case of the filter capacitor, the objective is, through several simulation results, to choose a capacitor value for which the filter has lower losses and the motor experiences the lower line-to-line peak voltage. Fig. 19 shows the simulation results for several values of filter capacitance. The choice of the filter capacitor turns to be a trade-off between filter losses and peak voltage at the machine terminals. As the capacitance becomes large, the line-to-line peak voltage becomes lower and the filter losses become higher.
Therefore, one can decide on the maximum allowable filter losses and then choose the filter capacitance to obtain the desired peak voltage at the motor terminals. It can be also verified from Fig. 19 that the filter capacitor choice to obtain the same level of line-to-line voltage is not unique independent of cable length, as commonly expected in the literature for the filter networks placed at the motor terminals. In this case, the total inductance of the line must be considered during the filter capacitor design. Thus, it can be concluded that the chart proposed by Fig. 19 is indeed very useful on the filter network design.
Several simulation and experimental analyses have been realized using the RC Filter at the motor terminals. Selected results are presented here. Fig. 20 shows simulation and experimental results for the 70 m cable length case using R filter = 126 Ω and C filter = 10 nF (filter in delta connection). These plots show the characteristics of the line-to-line voltage and the current through one of the RC filter branches. The correlation between simulation and experimental results can be promptly verified, showing the usefulness of the simulation program in studying the over-voltage problem and in the design of filter networks.
One important missing detail that should be mentioned here is related to the initial charge conditions across the various energy storage elements in the lumped-parameter segments of the cable during the simulation. At this point, it has not been possible to initialize the charge conditions of the cable in the proposed simulation program. It is however true that the current level in the machine for which the switching transient occurs will produce different amplitudes of overvoltage in the machine terminals. Figs. 21 and 22 shows experimental results demonstrating this fact. It can be observed that for higher current amplitudes, the line-to-line voltage is also higher. Incorporation of these issues is the subject of ongoing investigations and the results will be published in the future.
VI. CONCLUSIONS
This paper has proposed a Matlab based program intend to the analysis of the over-voltage phenomena in long cable PWM drives. The following are the main characteristics of the simulation program:
• The voltage pulse initiated at the inverter can be easily adjusted to better represent the reality. This is an important feature, since the characteristics of the overvoltage are strongly dependent on the harmonic contents of the voltage pulse.
• The power cable is represented as a transmission line with lossy characteristics and modeled using several lumped-parameter segments. The inclusion of distortion is very important to obtain a close representation of the over-voltage.
• A model for the motor input impedance intended for high frequency analysis has been also used. A high frequency motor model is very important to capture the high frequency transients. The parameters of the cable and motor models have been derived from frequency response analysis of the cable and motor characteristic impedances, respectively, and a better representation of the cable-motor system is achieved intend to the over-voltage analysis.
Several simulation and experimental results have been presented showing the usefulness of the simulation program on the analysis of the over-voltage. Over-voltage charts as a function of the voltage pulse rise time and cable length were generated that allows one to accurately predict the voltage stress for various situations. Design equations of the most relevant filter networks have been presented. Using the simulation program, a more thorough design approach has been proposed examining the RC filter at the motor terminals. Using this approach, the filter resistance is chosen according to the matching between cable surge and motor input impedances in the frequency domain. In addition, the filter capacitor is selected according to the desired voltage stress and filter losses. The proposed simulation model can be used in the design of the other filter networks as well.
